In Vietnam, the ceramic industry is one of the construction material production sectors that has large emission of CO 2 -the major greenhouse gas, since it consumes a large amount of fossil fuels. This research aims at preliminarily estimating the CO 2 emission factors for two major kiln technologies currently used in ceramic production sector in Vietnam, namely the traditional kiln and tunnel kiln. For this purpose, field measurements of CO 2 concentration in stack flue gases of two ceramic factories in Hanoi City, Vietnam were conducted. The results of data analysis have shown that the traditional kiln has higher CO 2 emission factors compared to those of tunnel kiln. The low energy efficiency and high energy consumption of the traditional kiln are the major causes for its higher CO 2 emission factors.
INTRODUCTION
The term "ceramics" (ceramic products) is generally used for inorganic materials (with possibly some organic content), made up of non-metallic compounds and made permanent by a firing process. In addition to clay based materials, today ceramics include a multitude of products with a small fraction of clay or none at all. Ceramics can be glazed or unglazed, porous or vitrified. Firing of ceramic bodies induces time-temperature transformation of the constituent minerals, usually into a mixture of new minerals and glassy phases. Characteristic properties of ceramic products include high strength, wear resistance, long service life, chemical inertness and nontoxicity, resistance to heat and fire, electrical resistance, and sometimes also a specific porosity (European Commission, 2007) .
The main steps in the manufacture of ceramic products are largely independent of the materials used and the final product. The typical process is made up of the steps: mining/quarrying of raw materials and transport to the ceramic plant, storage of raw materials, preparation of raw materials, shaping, drying, surface treatment, firing, and subsequent treatment. Among these steps, drying and firing consume most energy and 80% of total carbon dioxide (CO 2 ) emissions from ceramic production process generated in these two steps (IEA, 2007) . In the modern ceramic industry, it is necessary to optimise drying in terms of speed, thermal efficiency and low wastage. With the exception of slow, gentle drying processes, it is necessary to maintain close control of heating rates, air circulation, temperature and humidity. Heat for drying air is now mainly supplied by gas burners and by hot air recovered from the cooling zone of kilns. The heat for drying air can also be supplied with a cogeneration or another fuel such as coal, biomass, biogas or petroleum coke. Firing is a key process in the manufacture of ceramic products, as it controls many important properties of the finished ware. In this step, ceramics are thermally consolidated into a dense, cohesive body composed of fine, uniform grains. This process is also referred to as sintering or densification. Parameters that affect firing include firing temperature, time, pressure, and atmosphere. The temperatures necessary for the firing process are usually in the range of 800 -2000 ºC and are mainly created by burning natural gas and fuel oil. In some cases, solid fuels, biogas/biomass and electric power are also used for heat generation. Due to the consumption of a large amount of fuels, especially those for firing and heating, the ceramic industry appears as the significant CO 2 emitter. According to IEA (2007) , the ceramic industry has contributed about 400 million tons CO 2 to the total of 9.9 billion tons CO 2 from all industrial sectors worldwide. During the last years, a number of studies on assessing CO 2 emissions from the ceramic industry have been conducted. For examples, in 2005, China used an amount of fuels equivalent to 42 million tons standard coal for the ceramic industry and the corresponding amount of CO 2 emissions from this sector was 84 million tons CO 2 (IEA, 2007) . Until 2007, the amount of CO 2 emission from the ceramic industry in China increased to 100 million tons CO 2 . Whereas, the amount of CO 2 emission from the ceramic industry in European countries was just about 14.8 million tons CO 2 (European Commission, 2009 ). Some studies have tried to evaluate the CO 2 emission factors in the ceramic industry which depending on a number of factors such as kiln technologies, fuels, products, ect. For examples, the CO 2 emission factors estimated for ceramic kilns in Philippines and Sri Lanka were 460.09 and 482.00 kg CO 2 /ton product, respectively (AIT, 2003) .
On the other hand, the total CO 2 emission caused by the combustion of fossil fuels in Vietnam was about 142.9 million tons in 2012, in which the contribution of sectors was the following: production industry and construction (35.4%), electricity and heat production (30.2%), transportation (23.7%), other energy industry own use (1.1%), and other sectors (9.6%). The production industry and construction sector with high demand of fossil fuels (mainly coal, oil, and gas) has been the largest source of CO 2 emission. The amounts of CO 2 emission caused by the combustion of these fuels have been continuously increased during the period of 1982 -2012 in Vietnam (IEA, 2013 as shown in Fig Within the production industry and construction, the ceramic industry plays an important role as the foreign exchange earner for the country. Back to the past, Vietnam has a long history of more than 2000 years of glazed ceramics production. While ceramic ware in the traditional is still being produced and enjoys popularity, increasingly modern ceramics are produced for export. For examples, the production of ceramic tile and sanitary ware -the two major ceramic products has continuously increased during the period of 2000 (Vietnam Construction Material Association, 2008 as shown in Fig. 2 . Currently, with the production capacity of about 300 million m 2 per year, Vietnam is the largest producer of ceramic tile in Southeast Asia and the 6 th largest producer of ceramic tile in the world. In addition, the production of ceramic tile and sanitary ware has been predicted to be much higher in 2015 and 2020, compared to those during the period of 2000 (Vietnam Construction Material Association, 2008 .
Currently, the two major ceramic kiln technologies used in the ceramic industry in Vietnam are the traditional kiln and tunnel kiln.
Traditional kiln
The traditional kiln has been used for ceramic production in Vietnam a long time ago and most suitable with small scale production. This is simple and outdated kiln technology, consuming much energy and causing serious air pollution. This kiln normally based on single ware chamber which is charged with pre-dried ceramic products. The fire box is placed at the bottom of kiln. The fuel used in the traditional kiln is usually coal and clamped in the fire box. Air for fuel combustion is supplied from the bottom of kiln. The hot flue gas exits through the
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A Case Study in Hanoi City, Vietnam chimney placed at the top of kiln (Fig. 3 ). After the firing is completed, both the kiln and the products are cooled. Then the products are removed, the kiln is cleaned and the next cycle begins.
Tunnel kiln
Tunnel kiln is usually used for medium-and largescale production. This kiln technology has a number of advantages such as advanced technology, continuous production, large capacity, highly mechanized, heat recovery from firing, diversified products, reduced fuel consumption, and less environmental pollution problems compared to those of traditional kiln. In a tunnel kiln, products to be fired are passed on cars through a long horizontal tunnel. The cars loaded with dried products are pushed in the kiln and moved inside the kiln intermittently at fixed time intervals. Three distinct zones appear in an operating tunnel kiln: firing zone at the central part of the tunnel where the fuel is fed and combustion is happening; preheating zone (before the firing zone) where products are being pre-heated by the hot flue gases coming from the firing zone; and cooling zone (ahead of the firing zone) where products are cooled by the cood air flowing into the kiln (Fig. 4) . Heat from the hot flue gases coming out of the kiln could be utilized for drying products. Fuel (natural gas, oil, coal) is fed into the firing zone of the kiln through feed holes provided in the kiln roof. There is counter current heat transfer between products and air. Cool air enters the kiln from the car exit end and gets heated while cooling the fired products. After combustion, the hot flue gases travel towards the car entrance end losing a part of the heat to the products entering the kiln and then go to stack. Hot air/gases are extracted from the tunnel kiln at several points along the length of the kiln and are supplied to the drying tunnel/chamber. In some of the kilns, there is also provision of a hot air generator to supplement the requirement of hot air for drying.
The strong development of the ceramic industry in Vietnam during the recent years might result in the significant increase in CO 2 emission amount from this sector due to the increased use of fuels. However, currently there is no estimation of the CO 2 emission amount from ceramic production in Vietnam due to the lack of CO 2 emission factors for kiln technologies used in this sector. This makes difficult for attributing the contribution of CO 2 emission from ceramic production to the total CO 2 emission of industry sector and evaluating the impact of ceramic industry to climate change in Vietnam. For addressing this issue, this research aims at preliminarily estimating the CO 2 emission factors of two major kiln technologies which are traditional and tunnel kilns using different fuels based on the CO 2 concentration data measured in stack flue gases of two ceramic factories in Hanoi City, Vietnam.
MATERIALS AND METHODS
2.1. Measurement of CO 2 concentration and stack gas velocity 2.1.1. Measurement of CO 2 concentration CO 2 concentration in stack flue gases of ceramic factories were measured using the GCEM 40 Series Gas Analyser manufactured by CODEL International Ltd., UK following the USEPA Method 3A (USEPA, 1991a). The GCEM 40 Series Gas Analyser uses a field proven in-situ 316 stainless steel probe designed for the harshest stack conditions to measure directly in the flue stream. Designed for use primarily on combustion processes, the GCEM40 40 Series Gas Analyser could be used to measure CO 2 using an infra-red spectroscopy to ensure that there is no cross sensitivity from other contaminants in the gas stream. Fully automated zero and span calibrations are performed using clean dry compressed air and protocol gas mixtures to provide long-term accuracy along with minimal maintenance requirements. Pneumatics mounted directly on the measurement probe allow both zero and span gas to be injected into the measurement chamber either manually, automatically or remotely. The analyser is fitted with a probe mounted temperature sensor. The GCEM 40 Series Gas Analyser can provide the real-time measurement data.
Measurement of stack gas velocity
Stack gas velocity is measured using the type S Pitot tube following the USEPA methods including Method 1 (USEPA, 1991b) and Method 2 (USEPA, 1991c). Prior to each measurement, the type S Pitot tube is calibrated using standard Pitot tube.
Selection of measurement site
The measurement site for CO 2 concentration and stack gas velocity is selected following USEPA methods including Method 1 (USEPA, 1991b) and Method 2 (USEPA, 1991c). According to these methods, the measurement site should be located at least eight stack diameters downstream and two diameters upstream from any flow disturbance such as a bend, expansion, or contraction in the stack, of from a visible flame. If necessary, an alternative location may be selected, at a position at least two stack diameters downstream and a half diameter upstream from any flow disturbance. In this research, measurements of CO 2 concentration in stack flue gases of ceramic factories using traditional and tunnel kilns in Hanoi City were carried out during the periods of 28 Sep-4 Oct, 2014 and 6-12 Oct, 2014, respectively (Fig. 5 and Fig. 6 ). The production capacities of these traditional and tunnel kilns are about 100 and 300 kg products per hour, respectively. The fuel used by the traditional and tunnel kilns are the coal and liquefied petroleum gas (LPG), respectively. In the tunnel kiln, the heat recovered from the heating zone is used for drying products.
Estimation of stack flue gas flow rate
Stack flue gas flow rate was estimated as follows: F = v.A.3600
Where: F: Flow rate of stack flue gas (m 3 /hour), v: Stack flue gas velocity (m/s), A: Cross-section area of stack at the measurement point (m 2 )
Estimation of CO 2 emission factors
The CO 2 emission factors for kiln technologies were estimated as follows: EF = C CO2 .F/W.1000 Where: EF: CO 2 emission factor (g CO 2 /kg product), C CO2 : Concentration of CO 2 in stack flue gas (mg/m 3 ), F: Flow rate of stack flue gas (m 3 /hour), W: Production capacity (kg product /hour)
RESULTS
The CO 2 hourly mean concentrations measured in stack flue gases of ceramic factories using traditional and tunnel kilns in Hanoi City during the periods of 28 Sep-4 Oct, 2014 and 6-12 Oct, 2014 are shown in Fig. 7 and Fig. 8, respectively. For the traditional kiln using coal, it was observed that during the initial period of firing process on 28, 29, and 30 Sep, the CO 2 hourly mean concentrations strongly fluctuated which corresponding to the unstable combustion stage of coal. After that, the CO 2 hourly mean concentrations highly increased on 1 Oct and then relatively stable on 2 Oct. During this period, coal was supplemented to maintain the necessary heat for firing process and the combustion was stable. Therefore, the largest energy consumption and highest CO 2 emission occurred in this period. The measured results have shown that the highest CO 2 daily mean concentration of 136653 mg/m 3 was seen on 2 Oct. During the last period, the CO 2 hourly mean concentrations rapidly decreased on 3 Oct and then relatively stable on 4 Oct. The averaged CO 2 concentration for whole measurement period was 135110 mg/m 3 . With respect to the tunnel kiln using LPG as fuel, the CO 2 hourly mean concentrations measured during the initial period of firing process on 6 and 7 Oct also strongly fluctuated which similar to those seen for the traditional kiln. On 8, 9, and 10 Oct, the CO 2 hourly mean concentrations still fluctuated, although the values generally were higher than those measured on the previous days. The fluctuations of the CO 2 hourly mean concentrations might be related to the operation of kiln or combustion of fuel. During this period, the energy consumption was also the largest. The highest CO 2 daily mean concentration of 38598 mg/m 3 was measured on 11 Oct. This value, however, was much lower than the highest value measured for the traditional kiln. On the last day of measurement period, the CO 2 hourly mean concentrations rapidly decreased. The averaged CO 2 concentration for whole measurement period was estimated to be 36345 mg/m 3 which 3.7 times lower than the counterpart of the traditional kiln.
The flow rate of stack flue gas is calculated using the measured stack flue gas velocity and the recorded crosssection area of stack at the measurement point and presented in Table 1 . Using the measurement data for CO 2 concentrations in stack flue gases of ceramic factories, the CO 2 emission factors of two kiln technologies are estimated and summarized in Table 1 . 
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DISCUSSIONS
From the results in Table 1 , it is found that the averaged CO 2 emission factor of 953.34 g CO 2 /kg product estimated for the traditional kiln using coal as fuel is about 2.3 times higher than that estimated for tunnel kiln using LPG as fuel. It is well known that the choices of energy source, firing technique, and heat recovery method are some of the most important factors affecting the energy efficiency of ceramic kilns. Since the traditional kiln uses coal as fuel thus its combustion might less efficient than the LPG used by the tunnel kiln in this study. In addition, the traditional kiln has no heat recovery practice. In this kiln, the flue gases containing a substantial amount of heat exit directly through the chimney and cracks on the kiln wall to the surrounding environment. All of these factors have caused the huge heat losses from hot flue gases, low energy efficiency, and large fuel consumption. As a result, CO 2 emissions form firing processes of the traditional kiln were significantly high. In the contrast, the tunnel kiln in this study uses LPG which combusted efficiently due to its uniform distribution. The tunnel kiln also utilizes heat recovered from the heating zone for drying products with very efficient counter flow heat transfer arrangement between air and products, leading to its high energy efficiency. Moreover, the tunnel kiln has sufficient insulation around the kiln wall which might help to minimize its heat losses. Combination of these factors could reduce the tunnel kiln"s fuel consumption and subsequently reduce its CO 2 emission. It is estimated that burning of LPG releases less CO 2 per unit of energy than does coal about 65-70%.
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The previous studies have tried to evaluate the CO 2 emission factors for tunnel kilns used in the ceramic industry. For examples, USEPA (1996) reported the range of 70-650 kg CO 2 /ton product with the averaged value of 390 kg CO 2 /ton product for the CO 2 emission factors estimated for ceramic tunnel kilns using natural gas to produce a variety of ceramic products in USA. This averaged value was about 5% lower than the one estimated for the tunnel kiln using LPG in this study. Meanwhile, AIT (2003) reported the CO 2 emission factor of 460.09 kg CO 2 /ton product for tunnel kiln producing ceramic products such as dinner wares, decorative vases, etc. in Philippines and the CO 2 emission factor of 482.00 kg CO 2 /ton product for tunnel kiln producing ornamental ceramic ware in Sri Lanka. These values were about 10 and 14% higher than the CO 2 emission factor estimated for tunnel kiln in this study, respectively. Berdowski et al. (2006) reported the range of 300-1600 kg CO 2 /ton product for ceramic tunnel kilns in the Netherlands which may give the higher averaged value compared to the one in this study. Through these examples, it is seen that there were the differences among the CO 2 emission factors estimated for tunnel kilns in this study and the other studies which could be attributed to the differences in a number of factors such as structure of kilns, composition of fuels, type of products, energy saving practices applied, etc. between this study and the other studies.
CONCLUSIONS
This research carried out the measurement of CO 2 concentration in stack flue gases of two ceramic factories in Hanoi City, Vietnam for preliminarily estimating the CO 2 emission factors of two major kiln technologies currently used in ceramic industry which are traditional and tunnel kilns. The research results have shown that the much higher CO 2 emission factors were found with the traditional kiln, compared to the tunnel kiln. The low energy efficiency and high energy consumption of the traditional kiln are the major causes for its higher CO 2 emission factors compared to those of tunnel kiln. The CO 2 emission factors of traditional and tunnel kilns were estimated basing on the field measurement data for only two factories in this research. There could be some uncertainties in estimated results due to a number of factors. Thus in order to suggest the more accurate CO 2 emission factors for these kiln technologies, it is necessary to conduct more field measurements for a larger number of factories corresponding to each kind of kiln technology in the future researches.
